Different basis sets and functionals in the framework of Density Functional Theory (DFT) were assessed for an accurate prediction of structural parameters and vibrational modes of the cluster Zr 4 O 2 (methacrylate) 12 . A basis set of at least triple-n quality is necessary to accurately model the geometry and the IR spectra. Bond distances are best reproduced with hybrid functionals, while IR frequencies are best described by the generalized gradient approximation family of functionals. LDA functionals give the highest GGA functionals the lowest ligand binding energies. 
Introduction
Transition metal oxo clusters are often used as structurally well-defined nanosized building blocks for organic-inorganic hybrid materials [1] [2] [3] . Furthermore, clusters can be taken as model compounds for nanoparticles, particularly with regard to the stabilizing organic ligands bonded to the surface atoms. The surface science of nanoparticles [4, 5] is much more difficult to investigate than that of clusters, where methods of molecular chemistry can be applied. Carboxylate-substituted clusters of the early transition metals are particularly well suited because they are easily prepared by reaction of metal alkoxides with carboxylic acids. Post-synthesis ligand exchange processes are an important means to modify the ligand shell of the clusters (or nanoparticles) for various reasons. The mechanism of ligand exchange reactions, especially that of anionic ligands, is less straightforward than that of molecular complexes [5] ; such reactions therefore rely to a large extent on empirical evidence.
Particularly interesting would be site-selective ligand exchange for either blocking specific coordination sites or creating clusters with spatially directed functionalities. This is hampered by the fact that the ligands in many clusters are highly dynamic at room temperature. A rational approach for selective ligand exchange requires a better understanding of bonding in the clusters, especially prediction of metal-ligand bonds strength depending on the position of the metal at the cluster surface. To this end, different DFT basis sets and functionals were evaluated in this article with regard to an accurate description of the geometry of an oxo cluster, including positional and electronic effects of ligands. Vibrational spectra of the cluster core are one of the few possibilities to find out whether the cluster core was retained in a particular reaction. Assignment of the vibrational modes, however, is only possible by means of precise theoretical calculations [6] .
The methacrylate-substituted cluster Zr 4 O 2 (OMc) 12 (OMc = methacrylate, Zr4) was chosen as a test case, because it is one of the best investigated and most often used oxo clusters due to its easy preparation and high stability. This includes crystal structure (CCDC 137083) [7] , dynamic behavior in solution [8] and ligand exchange processes [6] .
Computational details
All calculations were performed using the Gaussian09 [9] software package. Geometry optimizations of Zr4 were performed with different functional/basis set combinations to check the reliability of DFT methods for correctly reproducing structural and vibrational parameters. Geometry optimization, starting from the experimental crystal structure [7] , was performed without symmetry restrictions. The default convergence criteria set by the software Gaussian09 were applied in all geometry optimizations. Harmonic vibrations were calculated at the same level as the corresponding geometry and all vibrational energies are given in their unscaled form throughout the manuscript. Stationary points were characterized as minimum structures with all frequencies real.
Several functionals were considered, representing different types of exchange-correlation treatments. It was shown before that pure generalized gradient approximation (GGA) functionals tend to overestimate and local density approximation (LDA) functionals to underestimate bond lengths [10] [11] [12] . Each type of functional is included in this study. LDA is represented by the local-exchange-only functional Xa [13] [14] [15] (a = 0.7) and the local exchange correlation functional SVWN5 [13] [14] [15] [16] and that of GGA by the OLYP [17] [18] [19] [20] and PBE [21, 22] functionals. The PBE functional was used for calculations on transition metal oxo clusters before [8] . The range of hybrid functionals is covered by the very successful PBE0 form [21] [22] [23] (25% Hartree Fock (HF) exchange), the one parameter hybrid functional mPW1PW91 [24] (25% HF exchange) and the well-known three parameter hybrid functional B3LYP [25] (20% HF exchange). TPSS [26] was chosen to represent the family of kinetic-energy density-dependent functionals (meta-GGA) and showed good performance for ligand binding energies in transition metal complexes and clusters before [27] . The CAM-B3LYP functional [28] (20-65% HF exchange), which behaves as a typical hybrid functional at short ranges but which adds up to 65% HF exchange at long ranges, was chosen to represent the family of long-range corrected functionals.
Different Gaussian type orbital (GTO) basis sets were used. The core electrons of the heavy atoms (Zr) were thereby modeled with relativistically corrected effective core potentials (ECP) in combination with the corresponding energy-optimized all electron basis sets for the valence electrons. Three different types of triple-n quality ECP's, namely LANL2TZ [29] , SDD [30] [31] [32] and Def2TZVP [33] , were tested. While all ECP treat 28 electrons in the core, they differ in the contraction scheme of the corresponding all electron basis sets. The additional polarization function renders the Def2TZVP basis (contraction scheme: (7s7p5d1f) ? [6s4p3d1f]) the most flexible, followed by the SDD basis ((8s7p6d) ? [6s5p3d]) and the LANL2TZ basis ((5s5p4d) ? [5s5p3d]). The triple-n quality basis set TZVP from Ahlrichs was used for the light elements (C, H, O, F) [34] . The basis sets will be abbreviated as follows in the remainder of the article: LANL2TZ (LANL2TZ in combination with TZVP for the light elements); Def2TZVP (Def2TZVP in combination with TZVP for the light elements) and SDD (SDD in combination with TZVP for the light elements).
Additionally basis sets of double-n quality were used in a test run on geometry optimizations. The results showed that at least triple-n quality is necessary to obtain accurate results (MAE is between 0.03 Å and 0.06 Å for double-n quality and between 0.01 Å and 0.03 Å for triplet-n quality basis sets, depending on the functional), which is in agreement with previous findings [35] .
The ligand binding energy is defined as the difference between the total energy of the optimized cluster and the total energies of the optimized cluster without the respective ligand and the free ligand [36] . Basis set superposition error (BSSE) effects were accounted for by the counterpoise method (CP) [37, 38] , as implemented in Gaussian09. All reported energies are relative energies and BSSE and zero-point energy (ZPE) corrected, unless otherwise noted. Relativistic effects are treated by using relativistically corrected ECPs.
Results and discussion
The structure of the centrosymmetric cluster Zr 4 O 2 (OMc) 12 (Zr4, Fig. 1 ) [7] consists of four coplanar Zr atoms, in which three atoms each are connected through l 3 -oxo bridges and thus form a [Zr 3 O] triangle. The two atoms Zr1 and Zr1 0 are coordinated by one chelating methacrylate ligand each while the remaining ten methacrylate ligands are bridging.
The crystallographic symmetry of Zr4 (Fig. 1a) is C i . An asymmetric structure was found in another structure determination [39] , where one methacrylate ligand is chelating-bridging
Experimental results showed previously, that the symmetric and asymmetric clusters easily interconvert in solution [7] . This was confirmed by theoretical calculations. The symmetric form of Zr4 is 0.08 eV (1.91 kcal/mol) lower in energy than the asymmetric form (TPSS/Def2TZVP level of theory).
All calculations were performed on the symmetric structure Zr4. Geometry optimizations with the different basis sets and functionals usually took many steps to converge since the multidimensional potential energy surface is very shallow. The geometry optimizations nevertheless converged to comparable structures although symmetry restrictions were not applied during the optimization process and the default convergence criteria in Gaussian09 (see computational methods) were applied. The obtained minimum structures are all akin to the symmetric starting geometry of Zr4 and retain the C i symmetry during geometry optimization.
An assessment of different DFT methods to accurately reproduce the experimental geometry will be discussed first. It is based on the mean average error (MAE) of the most important bond lengths which include the bonds between the Zr atoms and the l 3 -O (O1) in the cluster core (Zr-lO), the bond lengths between Zr1 and the oxygen atoms of the chelating ligand (Zr-O c ) and the bond lengths between the Zr atoms and the oxygen atoms of the bridging ligands (Zr-O b ) relative to the experimental structure. The mean signed error (MSE) characterizes over-or underestimation of the calculated bond lengths. The root mean square deviation (RMS) with respect to the experimental structure of all these bond lengths was additionally used.
Basis set effect on cluster geometries
The accuracy generally increased when going from the least flexible LANL2TZ via SDD to the most flexible Def2TZVP basis set for all employed functionals. LDA functionals in combination with the Def2TZVP basis set consistently underestimated the bond lengths (MSE = À0.01 to À0.02 Å), an expected behavior of LDA functionals. In contrast, LDA functionals in combination with a limited basis set gave bond lengths which are longer than the experimental bond lengths (MSE = 0.01-0.03 Å). An exception were Zr-O b bond length calculated with XAlpha or SVWN in combination with the LANL2TZ basis set (MSE = À0.02 Å). In any case, LDA functionals gave shorter bond lengths than the other functionals with any basis set. Thus, decrease in flexibility of the basis set on the Zr atom results in greater bond lengths.
Functional effect on cluster geometries
Bond lengths generally decrease in the order GGA > meta-GGA % Hybrid > LDA. The functionals were compared according to their MAE and RMS values for the three basis set combinations LANL2TZ, SDD and Def2TZVP and are shown in Figs. 2-5 . The agreement of the structural results was particularly good with the hybrid functionals PBE0 and mPW1PW91 and the long range corrected functional CAM-B3LYP (RMS = 0.01 Å at the Def2TZVP level of theory). The pure GGA functionals, especially the OLYP functional, gave the worst results with RMS values exceeding 0.04 Å. Especially the metal-ligand bond lengths were, in the average, overestimated by 0.03-0.05 Å by this functional family. In general the hybrid functionals appeared superior to any other functional family when comparing the RMS values, with B3LYP as the only exception. However, including long range correction in the B3LYP functional form improved the results significantly.
Thus, including HF exchange appears to be of uttermost importance for obtaining accurate geometrical parameters. The meta-GGA TPSS showed a balanced performance toward the different bonding situations in the cluster but dropped behind the hybrid functionals in terms of accuracy. This trend was found throughout all basis set combinations. Regarding the TPSS functional, the magnitude of error was smallest for the combination Def2TZVP. The method mPW1PW91 in combination with Def2TZVP gave the best agreement with the experiment. Experimental and calculated values obtained by mPW1PW91 in combination with Def2TZVP are shown in Table 1 .
Functional effect on vibrational modes
Vibrational modes were calculated for all minimum structures obtained with the different functionals and compared with the experimental ATR spectrum [40] . All vibrational energies are given in their unscaled form throughout the manuscript and are given in Tables S1-S3 in the supplementary information. LDA, GGA and meta-GGA functionals resulted in the smallest deviation from the experiment, as can be seen from the low MSE values (Fig. 6 ) in the range of 20-40 cm
À1
. Mixing with exact exchange increased the deviation, thus the hybrid functionals showed relatively high Fig. 3 . MAE values [Å] of the geometry parameters depending on the different functionals. All calculations were performed with the SDD basis set. ) were considered. While the vibrational modes in the MIR region, which includes the carboxylate and methyl vibrations, were described with sufficient accuracy by all functionals (LDA and GGA showed ca. 1-5% overestimation and hybrid functionals ca. 5-10%), the [Zr 4 O 2 ] core deformation vibrations, mostly the asymmetric [Zr 3 -lO] vibration, were poorly reproduced by the hybrid functionals: mPW1PW91 and PBE0 both overestimated the asymmetric deformation vibration of the [Zr 4 O 2 ] core by 30% and CAM-B3LYP the asymmetric vibration by 53%. Overall, the choice of functional appears to be the most critical factor in correctly reproducing the vibrational modes. IR frequencies were best reproduced by the PBE functional in combination with the Def2TZVP basis set ( Table 2 ). Experimental and calculated IR bands and MAE, MSE and MPE of the calculated IR bands are given in Table S4 of the supplementary information.
Effect of functionals on the HOMO-LUMO gap energies
HOMO-LUMO gap energies are very sensitive to the applied functional [41] . The HOMO-LUMO gap energy dependence on the functional (Table S5 ) followed the trend of previous reports [41, 42] , with LDA energies being the lowest at approximately 3.02 eV followed by the GGA functionals (ca. 3.2 eV). Including HF exchange increased the HOMO-LUMO gap energy in case of the hybrid functionals (5.17 eV B3LYP, 5.61 eV PBE0, 8.01 eV CAM-B3LYP). No absorption above 200 nm was observed in the experimental UV/VIS spectrum, i.e., the HOMO-LUMO gap energy must be higher than 6.2 eV. Applying different basis sets of one type, e.g. different basis sets of triple-n quality, did not impact the HOMO-LUMO gap energy. Thus, the magnitude of the HOMO-LUMO energy depended solely on the choice of the functional within one basis set series.
Effect of basis set on the ligand binding energy
Ligand binding energies were calculated according to Ref. [36] . The dependence of ligand binding energies on the different basis set types and the functionals are shown in Fig. 7 . Variations from LANL2TZ to SDD or Def2TZVP were small and within the range of 0.3-0.8 kcal/mol. LANL2TZ predicted generally the lowest binding energies. The ligand binding energies, however, were not very sensitive to changes in the Zr basis set and ECPs. The effect of CP correction was rather small; including CP decreased the binding energy by ca. 5 kcal/mol.
Effect of functionals on the ligand binding energy
The dependency of the ligand binding energies on the functional is much more pronounced (Fig. 7) . The LDA functionals clearly predicted the highest binding energies (À160 to À165 kcal/mol). This is somehow expected, since a known drawback of LDA is to overestimate ligand binding energies [35] . GGA functionals and meta-GGA functionals decreased the ligand binding energies, with OLYP predicting the weakest binding energies (À142 kcal/mol). Increasing the amount of HF exchange in the hybrid functionals resulted in an increase of the ligand binding energy. The CAM-B3LYP functional predicted ligand binding energies (Table S6) close to the values obtained by the LDA functionals (À162 kcal/mol). ] of the vibrational modes depending on the different functionals. 
Dependence of ligand binding energy on ligand position in the cluster and the type of ligand
The assessment of the functionals and basis sets showed that the meta-GGA functional TPSS in combination with the Def2TZVP basis set and corresponding ECP for the Zr atoms and the TZVP basis set for the light atoms showed a balanced performance with regard to accurate prediction of geometries, vibrational frequencies and binding energies. All results reported in the following were therefore obtained by the TPSS Def2TZVP method. CP corrections showed only minor effects on the ligand binding energies but increased the computation time and were therefore not included in the calculation. The aim of this study was to model trends in ligand binding energies, rather than obtaining results at the highest level of accuracy.
In the first series (marked with a green box in Fig. 8) , one methacrylate ligand, in different positions, was replaced with an acetate ligand. Position 1 corresponds to the chelating ligand (see Fig. 1 ). Positions 2-6 correspond to the bridging ligands as follows (see Fig. 1 for labeling of the C and O atoms): Pos. 2: O4-C2-O5; Pos. 3: O6-C3-O7; Pos. 4: O8-C4-O9; Pos. 5: O10-C5-O11; Pos. 6: O12-C6-O13.
Depending on the position, the binding energies for the acetate ligands are in the small range between À160 and À175 kcal/mol. The ligand in position 5 interacts most strongly with the metal (Table 3 ). There is no correlation between the bond lengths or angles and the binding energy for the ligands in different positions. It should be noted that the idealized molecular symmetry of Zr4 is C 2h [8] , where positions 2/4 and 5/6 would be pairwise equivalent (assuming that all ligands have the same configuration). The dynamic process with the lowest activation energy was previously found to be interchange of the chelating ligand (Pos. 1) with bridging OMc ligands in Pos. 2/4 [8] . As stated above, geometry optimization in the current work converged in an inversionsymmetric geometry (C i ) of Zr4.
The effect of electron-pulling substituents was also tested for the ligand in Pos. 3. The H atoms of the acetate ligand were thereby successively replaced by F atoms (blue box in Fig. 8 ). The ligand binding energy decreased in the series CH 3 > CH 2 F > CHF 2 > CF 3 . The biggest decrease (11 kcal/mol) was observed going from CH 3 to CH 2 F, while further substitution to CHF 2 and CF 3 resulted in a decrease of 9 kcal/mol and 7 kcal/mol, respectively. This decrease of the binding energy correlated well with an increase of the bond lengths between the carboxy group and the Zr atom (Table 4) .
Different chelating ligands were also investigated (red box in Fig. 8) . Replacement of the chelating methacrylate by a chelating acetate ligand (Pos. 1) resulted in an increase of the binding energy by 10 kcal/mol. Replacement of the chelating carboxylate ligands by an acetylacetonate ligand resulted in further increase of the binding energy (12 kcal/mol compared to acetate, and 22 kcal/mol compared to methacrylate Table 3 ).
Conclusions
At least triple-f quality basis sets are needed to accurately describe the geometry of Zr4. The quality of the modeled structure increases with the flexibility of the basis set describing the Zr atoms. Shorter bond lengths are typically obtained with the most flexible Def2TZVP basis set. Within one basis set type, the geometry parameters depend significantly on the functionals: LDA and GGA tend to calculate too short or long bond lengths, respectively. Going from GGA to meta-GGA or hybrid functionals reduces the bond lengths and increases the accuracy.
On the other hand, LDA and GGA functionals generally perform better than hybrid functionals for the modeling of the vibrational modes. The latter tend to overestimate the vibrational modes by 5-10%. The performance on calculating vibrational modes depends mainly on the employed functional. Basis set effects are negligible. The meta-GGA TPSS and the GGA PBE show balanced results and perform best in this study.
According to the experimental UV/VIS spectrum of Zr4, the HOMO-LUMO gap energy must be higher than 6.2 eV and only calculations performed with hybrid functionals come close to 6 eV.
LDA functionals tend to give large and GGA functionals small binding energies. 
